Abstract--We discuss a preliminary design for a superconducting magnetic suspension system for measurement of drag on rotationally symmetric bodies in liquid helium. Due to its diamagnetic properties, a superconducting model (for example made or coated with Nb) is inherently stable against disturbances. In addition, drag measurement may he achieved by a passive technique, where the body is allowed to deflect from its neutral position under the influence of drag. The resulting shift in flux is detected via a superconducting pickup coil. The pickup coil may be connected either to a SQUID, or a secondary loop wound around a Hall probe.
I. INTRODUCTION
The design and construction of non-intrusive force balance systems has long been an important aspect of dynamic studies carried out in wind tunnels. With the advent of Magnetic Suspension and Balance Systems (MSBS), the problem of physical intrusion into the flow field has been eliminated at the cost of a formidable controls problem [1]- [5] . Besides having a lower kinematic viscosity, liquid helium offers operating temperatures well below the critical temperature of most superconductors, thus allowing a superconducting MSBS. Such a system dissipates no heat resistively, and so may be operated in the helium bath. Operated in persistent mode (as a closed system disconnected from external supplies and noise sources), a 'passive' MSBS may be constructed, as compared with the active systems traditionally built. A superconducting MSBS is then potentially quieter and more sensitive than its resistive counterparts. In addition, since flux through a superconducting loop in persistent operation is perfectly conserved, one may envision a completely magnetic MSBS, where the body is allowed to deflect with applied drag. The resulting flux shift could then be detected with a superconducting loop wound around the test section. The degree to which this may be carried out depends upon the symmetry of the body and flow field.
In this paper, we consider the design of a superconducting MSBS for supporting and measuring the drag on a sphere in a liquid helium flow field. To illustrate the discussion, we present the case of a sphere supported within our existing Liquid Helium Flow Facility [6] , [7] at the National High Magnetic Field Laboratory (NHMFL). In this facility, a Reynolds number of 3x10' may be readily Work supported by the Naval Undersea Warfare Center under contract nurriher N66604-96-C-AO93, and the National High Magnetic Field Lahoratory at Florida State University. Fig. 1 . Schematic of the proposed superconducting MSBS. Support is accomplished by means of two independent magnet assemblies operated in persistent mode. The support coils are of a counterwound race track configuration, designed to produce a quadrapole field. The drag coil assembly is cornposed of sets of HelInlioltz coils, tuned to provide a particular Bo and dB/dz. achieved on a sphere of diameter ds=9.52S mm (0.375 in).
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The corresponding drag is approximately 2 . l S~l O .~ N. A superconducting sphere, acting as a perfect diamagnet (below the critical field), is inherently stable within the support field. This eliminates the need for an active control system. To minimize the weight of the sphere, and thus the support field to which the sphere is exposed, we envision a quartz or glass sphere coated with a thin niobium film, Niobium was chosen for its high bulk critical field. The weight of such a sphere is approximately 10.' N, though a heavier sphere of solid niobium may be required if the bulk critical field cannot be achieved with a thin film. In all subsequent calculations, we assume the sphere acts as a perfect diamagnet.
SUPPORT AND DRAG COIL DESIGN
In the horizontal configuration, illustrated in Fig. 1 , the drag and support fields are orthogonal so that sensitive drag measurements may be made with minimal interference from the support coils. The vertical support coils are of a counterwound racetrack configuration designed to produce a quadrapole field in the plane perpendicular to the flow. Higher current in the coils results in a stiffer field, but also a higher maximum field intensity to which the sphere is exposed. Since we wish to limit the total maximum field which the sphere experiences (including the contribution from the drag coils, discussed below) to below the critical field BCri,-0.1ST, the applied field strength B,=0.018 T was selected, requiring a total 8.68 kA turns flowing around each coil. The associated maximum field on the surface of the sphere wa? Bs,,,,=2.S . BS=0.04S T. Since the field has a finite stiffness, the sphere is expected to displace slightly under the influence of its weight. The vertical displacement of the sphere corresponding to our support field is 1 mm. Thus, one should offset the support coils 1 mm with respect to the test section in order to maintain the sphere in the center of the test section. Fig. 2 shows the field lines around the superconducting sphere in a quadrapole field. The plane of this illustration is perpendicular to the flow, as in Fig. lb . Arrows point to the regions of highest field intensity.
The drag coils are built up from Helmholtz pairs, designed to produce a particular applied field Bo and field gradient dB/dz along the direction of drag/flow. In principle, a system of coils may be designed to produce any Bo and dB/dz desired, so we will not dwell on the details. If the sphere is allowed to deflect a distance 6 under the influence of drag, the restoring force (drag) may be expressed as in (1)
. . where dB/dz, and therefore FD, varies linearly with the displacement. Fig. 3 shows a plot of Bo vs. dB/dn: for various values of FD. In measuring drag (as discussed in the next section), the optimum signal is achieved for dB/dz as small as possible, or equivalently Bo as large as possible, while maximizing the displacement 6 corresponding to a given FD.
To keep the maximum total lleld below the critical field, the largest practical Bo= 0.067 T. For F~2 . 1 5 x l O -~ N, this value of Bo corresponds to ithe field gradient dB/dz=0.742 T/m at the point of maximum displacement. The: maximum field experienced by the sphere due to the clrag coils is B0,,,,=1.5 * Bo=O.lOl T. Note that one may still adjust the stiffness of the field, since dB/dz-Cz 6, where Cz is a constant. A measurable signal is generated in the sensing coils when F~2 . 1 5~1 0 .~ N corresponds to the maximum displacement &=I0 mm.
DRAG MEASUREMENT SCHEMES
The proposed drag mealsurement is accomplished by allowing the sphere to deflect a small amount 6, under applied drag. Sensor coils, placed as illustrated iin Fig.'s 1 and 4, will then detect a flux change 3. These sensor coils should be counterwound to increase the flux change through the circuit, as well as to decrease the total inductance of the sensor coil pair. Counterwinding also makes the system insensitive to stray field fluctuations in the laboratory. The flux change detected by two single loops placed 26, apart and having a radius RI is expressed in (2). in Fig. 4 . The total flux change then follows from integrating vAB(t). Since VAB(t) depends upon the rate at which the sphere responds to changing flow conditions; however, displacements which evolve over 10 seconds or more may produce signals too small to record. One needs a measurement scheme which depends only on the distance 6, independent of the response time; in effect, the Frfect integrator. Such performance may be achieved via the closed superconducting circuit illustrated in Fig. 4 . The secondary, or measuring coil may be either a small solenoid wrapped around a hall probe, or a SQUID (Superconducting Quantum Interference Device) to measure the current induced in the circuit. In either case, the flux in the circuit is conserved, and the flux through the sensing and measuring coils is linked by their respective turns and inductances.
A. Drag Measurement Using a Hall Probe
The total flux in the measurement coil is (4) where the hall probe records approximately B=bnR;. The maximum field B is obtained when L1=L2, such that for particular RI and R2, this effectively constrains the ratio of turns NIDI2. Again, the optimum measured field occurs for approximately 2A=R1. For this coil spacing, the measured field has an analytic form:
where P=1/2Rz is an aspect ratio for the measuring solenoid, and fl and fi are shape factors associated with the geometry of the coils and field lines. Larger values of yield more uniform fields in the cross-section, however p=1 results in only a 15% variation in B across the area of the solenoid (Hall probe), which we deemed an acceptable price for a larger nominal value of B. The optimal signal is achieved for Rz, p, and dB/dz as small as possible, while allowing a large displacement 6 for a given drag FD. Note once again, that B varies linearly with the drag. ing circuit of Fig. 4 appears the same, but the SQUID provides a sensitive measurement of the current flowing in the circuit. This current is expressed as where the approximation holds for L,>>L,. A SQUID is far too sensitive for use with the optimized field gradient discussed above. This is compensated for by building a much stiffer drag field, with smaller Bo (equivalently, a much larger gradient dB/dz). Additionally, the circuit is 'de-tuned' such that L1>>L2. A typical SQUID has a maximum continuous range of 0.1-50 pA with 0.1 pA resolution over the entire span, and L2=2 pH. Though one may be tempted to select a large coil spacing, this tends to de-couple the coils from the sphere, as well as increase the noise from stray field fluctuations. With 2A=15 mm, Bo=O.O1 T, and a stiff field (say, k 0 . 5 mm for F~2 . 1 5 x l U~ N), N1=300 tums/loop is sufficient to limit the maximum signal to 50
pA. Such a system will reliably resolve drag forces on the sphere as small as F~4 . 3 pN. Although the sensing coils are counterwound in an attempt to eliminate pickup from stray fields in the laboratory, the sensitive nature of the SQUID requires additional shielding of all wires, coils, and electronics. Thus a superconducting shield surrounds the entire MSBS.
V. CALIBRATION
In the horizontal orientation, calibration of the superconducting MSBS is not difficult. By carefully weighing the sphere initially, one may then tilt the device slightly out of horizontal with the MSBS energized, so that the weight has some small component directed along the tunnel. In the absence of flow, this becomes the only force measured by the MSBS. For a l m long test section in which 385 a 0.01 N sphere is suspended, raising the upstream end by 21.5 mm (0.846 in) with respect to the outlet results in 2 . 1 5~1 0 -~ N resolved along the drag direction.
VI. CONCLUSION
In the present paper, we describe the theoretical and practical issues associated with designing, building and operating a superconducting MSBS for a liquid helium wind tunnel. Such a system could be developed as part of a modest effort in high Reynolds liquid helium flow testing. The approach is most easily applied for the suspension of symmetrical bodies, but with further modifications could be extended to asymmetrical objects where active control may be incorporated. With such am effort it would be possible to develop much of the technology necessary to apply magnetic suspension systems in large scale liquid helium flow facilities which could be utilized for a variety of studies at very high Reynolds number (IRe >10 6 > .
